a reagent that would perturb XKCM1 function at centromeres while leaving the other pools of XKCM1 undisturbed.
Summary
The N Terminus of XKCM1 Targets Xenopus kinesin catastrophe modulator-1 (XKCM1) is to Centromeres and Disrupts a Kin I kinesin family member that uses the energy of Chromosome Alignment ATP hydrolysis to depolymerize microtubules [1-3].
We rationalized that, like other kinesin-related proteins, We demonstrated previously that XKCM1 is essential XKCM1 had distinct domains that might be important for for mitotic-spindle assembly in vitro and acts by regudifferent functions, such as microtubule binding, cargo lating microtubule dynamics as a pure protein, in ex-
binding, or dimerization [7]. We expressed glutathionetracts and in cells [2, 4, 5]. A portion of the XKCM1 S-transferase (GST) fusion proteins containing the N-terpool is specifically localized to centromeres during minal globular domain (GST-NT), the centrally located mitosis and may be important in chromosome movecatalytic domain (GST-CD), and the C-terminal ␣-helical ment. To selectively analyze the function of cen-
tail (GST-CT) ( Figure 1A ). The GST fusion proteins were tromere-bound XKCM1, we generated glutathionetested for their ability to affect spindle assembly in Xeno-S-transferase (GST) fusion proteins containing the pus egg extracts. When the GST-NT protein was added N-terminal globular domain (GST-NT), the centrally loto extracts, it targeted to centromeres during spindle cated catalytic domain (GST-CD), and the C-terminal assembly, suggesting that the N-terminal domain of ␣-helical tail (GST-CT) of XKCM1. The GST-NT protein XKCM1 is sufficient for centromere localization (Figures targeted to centromeres during spindle assembly, 1B and 1C). The spindles in extracts to which GST-NT suggesting that the N-terminal domain of XKCM1 is was added were morphologically normal and did not sufficient for centromere localization. Addition of GSTresemble the large microtubule asters that are formed NT prior to or after spindle assembly replaced endogewhen XKCM1 function is globally inhibited [4]. This sugnous XKCM1, indicating that centromere targeting is gests that the soluble pool of XKCM1 is not affected by a dynamic process. Loss of endogenous XKCM1 from the addition of GST-NT. Neither GST-CD nor GST-CT centromeres caused a misalignment of chromosomes bound to the spindle when they were added to extracts, on the metaphase plate without affecting global spinand spindle formation was normal (our unpublished dle structure. These results suggest that centromere data). bound XKCM1 has an important role in chromosome
We noticed that the centromere staining of GST-NT positioning on the spindle.
on spindles was not aligned on the metaphase plate. Chromosome staining revealed that the addition of GSTResults and Discussion NT resulted in spindles in which chromosomes were displaced from the metaphase plate ( Figure 1C ), whereas Xenopus kinesin catastrophe modulator-1 (XKCM1) and the addition of GST alone had no effect ( Figure 1B) . We its mammalian homolog, mitotic centromere-associated quantified the percentage of spindles that had tightly kinesin (MCAK), are essential microtubule-destabilizing aligned chromosomes at the metaphase plate versus enzymes [2, 3]. The activity of XKCM1 is required for those structures that had misaligned chromosomes. In maintaining the interphase array of microtubules and for the presence of control GST, the majority of spindles had spindle assembly during mitosis To explore further the requirement for XKCM1 in chroabolished the ability of the GST fusion protein to target to centromeres (Figure 2A ). In contrast, targeting was mosome alignment, we added GST-NT to extracts after spindle assembly, when chromosomes had already still achieved when amino acids were deleted from the C terminus of this domain. We found that the minimal aligned on the metaphase plate. Within 15 min of addition to preformed spindles, GST-NT displaced the bound XKCM1 domain that resulted in effective targeting to centromeres was contained in the first 149 amino acids XKCM1 from the centromere and caused the chromosomes to become misaligned ( Figure S1 in the Suppleof XKCM1. Some targeting was obtained with the first 116 amino acids of XKCM1, but it was very weak and mentary Material). These results suggest that association/disassociation of XKCM1 at the centromere is a not reproducible. Therefore, we think that the region between amino acids 116 and 149 contains information dynamic process. They also show that XKCM1 function at the centromere is required not only for establishing necessary for achieving full localization to the centromere. Our findings complement studies showing that the chromosome alignment but also for maintaining it. Finally, we found that microtubules were not necessary N-terminal domain of MCAK is essential for centromere targeting [8, 9 ]. An alignment of this region between for GST-NT targeting to centromeres because treatment of the extract with nocodazole did not decrease the CHO cell MCAK, human MCAK, and XKCM1 showed that these proteins are 40% identical and 72% similar ability of GST-NT to target to centromeres ( Figure S2 in the Supplementary Material). (Figure 2B ). It is notable from the alignment that most of the homology resides within the first 110 amino acids, in which there is 50% identity and 80% similarity. The Chromosome Misalignment Is Not Due to Loss region that contains the highest degree of similarity is of CENP-E at Kinetochores also the region that correlates with the minimal protein
Misalignment of chromosomes is a phenotype observed in which we obtained any targeting (GST-2-116). with inhibition of the kinesin-related protein CENP-E, so it was possible that the GST-NT protein was inhibiting the assembly of other proteins onto the centromere and Addition of GST-NT Prevents Endogenous XKCM1 from Binding to Centromeres
that the chromosome misalignment phenotype was a secondary consequence [10-12]. In the presence of We next checked to see whether the endogenous XKCM1 was present on centromeres of spindles assem-GST, CENP-E was found to localize to kinetochores as discrete paired dots that aligned on the metaphase plate bled in the presence of GST-NT. To do this, we used an ( Figure 3C ). The addition of GST-NT to the extracts durthat the inhibition of centromere bound XKCM1 results in chromosome alignment defects in embryonic systems ing spindle assembly did not abolish CENP-E staining of kinetochores, showing that CENP-E was still assembled such as the Xenopus extract-assembled spindles but that the defect is not the same in a somatic-cell spindle. properly onto kinetochores ( Figure 3D ). These data argue that there is not gross disruption of kinetochore This idea is supported by the observation that the mechanism of congression occurs by different mechanisms structure in the presence of GST-NT.
One possible explanation of our misalignment phenoin the two types of cells [13] . In addition, anaphase chromosome segregation is also different between extype is that loss of XKCM1 from the centromeres causes premature anaphase. We believe that this is not happentract spindles and cellular spindles. In somatic cells, as chromosomes move toward the poles in anaphase A, ing for several reasons. First, the chromosomes do not appear to be visibly disjoined into sister chromatids in this movement is coupled to depolymerization of microtubules near the kinetochore [14-17]. In contrast, in Xenthe presence of GST-NT. Second, CENP-E can be seen as paired dots on the chromosomes, suggesting that opus extract spindles, chromosomes appear to be pulled poleward by microtubule flux, in which microtusister kinetochores are still paired (Figure 3D, inset) . Finally, we found that neither the endogenous XKCM1 bules are depolymerizing near the spindle poles [18]. nor GST-NT were detectable at centromeres during anaphase chromosome segregation in egg extract-assem-
Model for Kin I Kinesin Function at Centromeres
We propose that the function of Kin I (Kinesin Internal) bled spindles ( Figure S3 ), yet both were found at centromeres of metaphase-arrested spindles. Taken together, kinesins at the centromere is to help establish and maintain proper kinetochore microtubule attachments during these results strongly suggest that XKCM1 is needed for the proper alignment of chromosomes and that its chromosome congression. In this model, CENP-E would be required to achieve proper biorientation of chromoinhibition at centromeres does not cause premature anaphase.
somes on the spindle [10-12], whereas XKCM1 could contribute to congression by enhancing the depolymeriOur finding that a loss of XKCM1 at centromeres results in a chromosome positioning defect is different zation of microtubules that are not properly attached to the kinetochore. XKCM1 would therefore be an imporfrom what was found when the mammalian homolog MCAK was inhibited at centromeres. When a centrotant player in helping to correct errors that occur during congression. Although there is no direct evidence for mere-targeting domain of MCAK was expressed in CHO cells, only a defect in anaphase with lagging chromoerror correction in mitosis, it has been shown that defective kinetochore-microtubule attachments are corrected somes was reported [9] . One possible explanation is simply that these proteins are similar but not identical during meiotic-spindle assembly [19] . The proposed role for Kin I kinesins in congression could explain why S. in structure and function. We believe that this is not the case because overexpression of both proteins gives pombe klp5/klp6 mutants are delayed in metaphase prior to anaphase onset and why there are genetic intersimilar effects in interphase cells [3, 5]. It is also possible actions between klp5/klp6 and components of the chores alters the number of microtubules attached to each kinetochore, even transiently, then the balance of checkpoint machinery [20, 21] . In addition, it has been reported that there is a slight delay in anaphase onset forces on each kinetochore would be altered, and the net result would be a displacement of chromosomes in cells overexpressing the centromere-targeting domain of MCAK [9] . from the metaphase plate. This effect may be enhanced in extracts because these spindles are arrested at metaThe balance of forces on kinetochores is probably different between somatic cell spindles and spindles phase, so we can easily visualize any imbalance of forces. assembled in frog egg extracts because the spindles in extracts are dominated by poleward-directed forces due Another interesting possibility is that without an effective error correction mechanism, some of the chromoto microtubule flux ([18, 22]; Maddox and Salmon, personal communication). If the loss of XKCM1 at kinetosomes may remain improperly attached to the spindle.
